Spinal cord injury (SCI) causes permanent debilitation due to the inability of axons to grow through established scars. Both the sugar chains and core proteins of chondroitin sulfate proteoglycans (CSPGs) are inhibitory for neurite regrowth. Chondroitinase ABC (ChABC) degrades the sugar chains and allows for synaptic plasticity, suggesting that after the sugar chain cleavage additional steps occur promoting a permissive microenvironment in the glial scar region. We report that the clearance of the core protein by the tissue plasminogen activator (tPA)/plasmin proteolytic system partially contributes to ChABC-promoted plasticity. tPA and plasmin are upregulated after SCI and degrade the deglycosylated CSPG proteins. Mice lacking tPA (tPA 
Introduction
CNS axons fail to regenerate after spinal cord injury (SCI), partially due to the accumulation of extracellular matrix (ECM) molecules in the lesion and formation of the glial scar. Among the ECM are CSPGs whose deposition is associated with inhibition of axon regrowth (McKeon et al., 1991; Smith-Thomas et al., 1994; Davies et al., 1997; Niederost et al., 1999) . Chondroitin sulfate proteoglycans (CSPGs) contain a protein core covalently linked to glycosaminoglycan (GAG) chains (Morgenstern et al., 2002) . Neurocan, brevican, versican, and aggrecan are lecticans (Jones et al., 2003) ; NG2 and phosphacan are unique. NG2 exists either as transmembrane protein, or is shed and deposited (Nishiyama et al., 1991; Jones et al., 2002) . Phosphacan corresponds to the extracellular domain of receptor protein tyrosine phosphatase ␤ (Yick et al., 2000; Moon et al., 2001; Bradbury et al., 2002; Fulmer, 2009) .
Chondroitinase ABC (ChABC) deglycosylates CSPGs removing GAG chains. Deglycosylation results in enhancement of synaptic plasticity to varying degrees after SCI (Busch et al., 2010; Hellal et al., 2011) via an unknown mechanism. In vitro cleaved GAG chains serve as neuronal guidance cues and inhibit axonal growth (Laabs et al., 2007; Wang et al., 2008) . In culture (Oohira et al., 1991; Dou and Levine, 1994 ) CSPG core proteins inhibit neurite outgrowth. The core protein effect has not been assessed in vivo.
Tissue plasminogen activator tPA is a serine protease that mediates proteolytic conversion of plasminogen to plasmin resulting in blood clot resolution (Collen, 1999) . In the CNS tPA is secreted by neurons and microglia, activating the latter through a nonproteolytic pathway (Tsirka et al., 1995 (Tsirka et al., , 1997 . Studies exploring the role of tPA in SCI suggest that proteolytic and nonproteolytic mechanisms are active. Nonproteolytic tPA recruits microglia which then interact with myelin basic protein and result in axonal demyelination after SCI (Abe et al., 2003) . Proteolytic pathways in SCI have shown that both tPA and urokinase plasminogen activator (uPA) participate to recover respiratory function (Minor and Seeds, 2008; Seeds et al., 2009 ). tPA's substrate, plasminogen, and product, plasmin, can degrade phosphacan in an epilepsy model and NG2 in an ex vivo SCI model (Nolin et al., 2008) , and in decorin-mediated degradation of neurocan and brevican in rat SCI (Davies et al., 2004 .
After seizures tPA/plasmin degrade neurocan and phosphacan in the brain and promote neurite reorganization . In in vitro and ex vivo settings GAG removal from NG2 enhances its interaction with tPA/plasmin(ogen), suggesting that CSPG core proteins may function as scaffold for tPA binding and efficient generation of plasmin. Plasmin then degrades the CSPG core (Nolin et al., 2008) . We assessed the contribution of tPA/ plasmin to ChABC-promoted SCI recovery hypothesizing that when ChABC cleaves GAGs, it both removes an inhibitory CSPG component and allows tPA/plasmin to clear the core protein.
Although individually tPA/plasmin and ChABC can promote synaptic plasticity and motor improvements, we think that synergistic interaction of the proteases and ChABC on CSPGs in the glial scar may allow for greater neurite regrowth and synaptic plasticity after SCI.
Materials and Methods

Animals and surgery
All experiments conform to the NIH guidelines and were approved by the Department of Laboratory Animal Research at Stony Brook University. tPA knock-out (KO) mice have been backcrossed for 12 generations to the C57BL/6 background. Age and gender-matched adult C57BL/6 (WT) and tPA KO mice weighing 25-30 g were anesthetized with isoflurane and placed in a stereotaxic apparatus. A dorsal laminectomy was performed between thoracic levels 8 and 10 and spinal cord stabilized with fine forceps. Animals were then transferred to an Infinite Horizon Impactor (Precision Systems and Instrumentation) and a 50 kdyn impactor tip with 1.25 mm tip diameter was dropped from a height of 2 cm on the central canal between T8 and T10. The overlying muscle and skin were sutured. Sham-operated groups underwent laminectomy without contusion. Postoperatively, mice were injected with buprenorphine (0.03 mg/kg) subcutaneously to reduce pain and placed on a heating pad for 24 h to recover. Mice were then transferred to 27°C temperature controlled room, and food pellets and liquid solution (Napa) were placed at the bottom of their cages. Daily weight measurements were performed. Bladders were expressed twice daily, and 0.6 -0.8 cc of 5% dextrose/saline injected subcutaneously for underweight animals (Ͻ25 g) until end of experiment.
Tissue processing
Spinal cord tissue was processed in one of two ways. To prepare spinal cord homogenates, mice were terminally anesthetized with 2.5% avertin and transcardially perfused with PBS. Using the injury epicenter as the origin, 2 mm each in the rostral and caudal direction of the spinal cord were isolated and suspended in Tris-buffer saline, pH 7.0. Isolated spinal cord was manually homogenized and centrifuged at 20,800 ϫ g for 30 min at 4°C. Supernatant was collected and total protein content measured using the Bio-Rad Bradford protein assay. To prepare spinal cord sections, mice were transcardially perfused and postfixed with 4% PFA, pH 7.4, cryoprotected with 30% sucrose overnight at 4°C, and frozen in OCT (Triangle Biomedical Sciences). Sagittal sections (18 m) through the thoracic spinal cord were prepared. All spinal cord samples were stored at Ϫ80°C until further use.
Zymography
Fourteen day SCI homogenates and embryonic day 14 cortical neurons from WT and tPA KO mice (20 g of protein/sample) were analyzed on 10% SDS-PAGE copolymerized with plasminogen (13 mg/ml) and casein (3 mg/ml). After electrophoresis, SDS was removed by incubating the gel with 2.5% TX-100 for an hour. The gel was then incubated with 0.1 M Tris, pH 8.0, overnight at 37°C. The next day, gel was stained with Coomassie blue for 2 h and destained until clear zones of lysis became visible. Pure, recombinant tPA (500 ng; Genentech) was used as positive control.
Amidolytic assay
SCI homogenates and cortical neuron cell lysates and media from WT and tPA KO mice were incubated with 0.68 M plasminogen in a 50 mM Tris buffer, pH 8.1, with 2% BSA and 0.3 mM chromogenic substrate-2251 (DiaPharma) overnight in the dark at room temperature. Cleavage of the chromogenic substrate S-2251 by serine protease-generated plasmin and the subsequent color change was quantified at 405 nm. A doseresponse for pure recombinant tPA activity was simultaneously run alongside the test samples and the time point when the R 2 value for the dose-response was closest to 1 was used to measure the concentration of serine protease in the samples. All samples were run in triplicates. Amiloride (1 mM) was used to block uPA in the indicated samples.
Western blot
WT and tPA KO sham and SCI homogenates (50 g) were treated with ChABC (0.5 U/ml; Seikagaku) in 100 mM Tris-acetate, pH 7.4, for 3 h at 37°C on coverslips. Sample buffer containing 5% ␤-mercaptoethanol was then added and the protein mix denatured at 100°C for 10 min. Samples were run on 6% SDS-PAGE containing Tris-glycine and transferred onto polyvinylidene fluoride membrane. Membranes were blocked in 5% milk in PBS for 1 h and probed overnight with one of the following primary antibodies: NG2 (1:500, rabbit anti-NG2; gift from Joel Levine, Stony Brook University, Stony Brook, NY), Neurocan [1: 100; mouse-1F6; Developmental Studies Hybridoma Bank (DSHB)], plasminogen (1:1000; anti-mouse plasminogen; Millipore), GFAP (1: 1000; anti-rabbit; Abcam), Iba-1 (1:1000; anti-rabbit; WAKO). The following day, membranes were washed with PBS-T and incubated with the species-appropriate peroxidase-conjugated secondary antibody (1: 2000 -1:/5000; Vector Labs) for 1 h at room temperature. After multiple washes with PBS-T, antibody binding was visualized using chemiluminescence kit according to the manufacturer's protocol (Thermo Scientific). For pure protein experiments, 10 ng of pure NG2 (gift from Dr. Joel Levine) or 2.5 g of CSPG mix (CC117; Millipore Bioscience Research Reagents) were incubated with plasminogen (0.68 M) and pure recombinant tPA or uPA (50, 100, and 500 U/g) with or without ChABC and Tris-acetate buffer as above. To confirm equal loading, membranes were stripped with 0.2 M Tris-Glycine, pH 2.2, and 0.5 M NaCl strip buffer overnight at room temperature. Samples were reprobed with ␣-tubulin antibody (1:2000; Sigma). Protein bands were quantified by densitometry in ImageJ (NIH) software and data normalized against ␣-tubulin protein bands.
Neurite outgrowth assay
Twenty-five millimeter coverslips were UV-irradiated and coated overnight with poly-D-lysine (25 g/ml) and laminin (10 g/ml) at 37°C. The next day, embryonic day 15 cortices were isolated from WT and tPA KO mice and manually dissociated in Neurobasal Media with B27 supplement (Invitrogen), L-glutamine, gentamicin, and Penicillin/streptomycin. Cells were plated at a density of 100,000 cells/coverslip on WT or tPA KO Sham and SCI homogenates previously treated with ChABC or penicillinase (Pen; 0.5 U/ml) in vitro for 3 h at 37°C as detailed in Western blot procedure. After 2 d in culture, cells were fixed with 4% PFA for 1 h, blocked with 2% goat serum and incubated overnight with CSPG (1:200 CS56; Sigma). The next day, cells were washed in PBS and incubated with goat anti-mouse-Alexa 555 secondary antibody (1:1000; Invitrogen) for 1 h followed by a second overnight incubation with ␤-tubulin III antibody (1:2000; Covance). On the last day, cells were washed again in PBS and incubated with goat anti-rabbit Alexa 488 antibody (1:2000; Invitrogen) and coverslipped with mounting media (Fluoromount).
Images were captured with a Zeiss confocal microscope using LSM 510 Meta software. A grid format was used with CSPG-rich regions in each grid first identified and images of neurons on the CSPG-rich region then captured. Twenty-five different regions were sampled per biological replicate. Data were calculated as a ratio of the total neurite length/neuron for each biological replicate. Total neurite length in each image panel was quantified using NeuriteTracer plug-in in ImageJ (Pool et al., 2008) while total neurons were manually counted in each image panel. Data were normalized against cortical neurons only images of the same genotype and plotted as a percentage of neurite length/neuron. Approximately 400 -600 neurons were quantified per biological replicate.
In vivo ChABC treatment
Two weeks after contusion injury, WT and tPA KO mice were reanesthetized and placed in a stereotaxic apparatus. The injured region was reexposed and 1 l of ChABC (50 U/ml, Seikagaku) or Pen (50 U/ml, Sigma catalog # P0389, 1 kU,) was injected into the central canal (1 mm depth, rate of 0.4 l/min) using a 28-gauge Hamilton syringe attached to an automated microinjector. The needle was withdrawn after an additional 1 min to prevent reflux.
In vivo immunohistochemistry
Two days after ChABC injection, mice were terminally anesthetized, fixed with 4% PFA and sagittal spinal cord sections prepared as previ-ously outlined. Sections were sequentially blocked with mouse blocking serum (Vector Labs) and goat serum, and then briefly incubated in mouse diluent before probing with one of the following primary antibodies for 30 min at room temperature: CSPG (1:200, CS56; Sigma), NG2 (1:1000, rabbit anti-NG2), Neurocan (1:50, anti-mouse 1F6; DSHB), Phosphacan (1:100, mouse-3F8; DSHB), or chondroitin-4-sulfate (C4S, mouse-MAB2030, 1:1000; Millipore Bioscience Research Reagents). Species-appropriate Alexa 488 antibody was then applied followed by overnight incubation with glial fibrillary acidic protein (GFAP 1:500; DAKO) to outline the glial scar. Species-appropriate-Alexa 555 antibody was then applied and sections were mounted with the nuclear labeling mounting medium. To quantify, multiple images around the glial scar border (indicated by upregulated GFAP expression) of each section were captured at a digital resolution of 1024 ϫ 1024 with a Zeiss confocal microscope using LSM 510 Meta software. A sagittal section every 10 sections (180 m) apart was imaged per biological replicate. ImageJ (NIH) was used to quantify the total mean intensity/area for each biological replicate and each antibody staining. Representative images were oriented with dorsal side up in Adobe Photoshop 7.0.1.
Motor behavior
Rotarod. Intact and injured WT and tPA KO mice were placed on a standard Rotarod (Med Associates) to assess motor performance. The rod rotation accelerated over the course of the 5 min from 4 to 40 rotations per minute. Each mouse was given three trials to remain on the accelerating rod per day. Each trial was 5 min long or until the mouse fell off. The maximum speed and latency to fall was recorded automatically by the apparatus. The maximum speed each mouse remained on the rotor rod in the three trials per day was used for comparisons.
Open field activity. Intact and injured WT and tPA KO mice were placed in an empty rat cage (44 cm ϫ 21 cm) situated inside an OptoVarimex-Minor animal activity meter (Columbus Instruments). Infrared beams (15 ϫ 15) running in the x-y coordinates and 2 cm above the base of the machine recorded beam breaks associated with ambulatory activity (consecutive beam breaks) and total activity (all beam interruptions) during the 20 min observation period. An observer, blind to genotype also recorded the animal's supported motor movements. Supported motor movements or full rearings were defined as an animal using its upper and lower limbs to reach up the side of a cage and hold its body up (supported) or stand up on its lower limbs without using any cage support (unsupported). Unsupported movements were infrequent in all groups, so not presented. Behavior was recorded 7, 10, 18, and 21 d after contusion injury.
Sensory axon tracing
On day 22, mice were reanesthetized and the right sciatic nerve exposed. Cholera toxin B subunit (CTB, 2.5 l, 1.5%) (List Biological Laboratories) was injected into the nerve with a 32 gauge Hamilton syringe connected to an automated microinjector (0.4 l/min). The needle was withdrawn after an additional minute to prevent reflux. Overlying muscle and skin was sutured and mice were left on heating pad to recover. Spinal cords were isolated 4 d later.
To analyze axonal regrowth, 4 serial sagittal sections were labeled at an interval of 10 sections with goat anti-CTB antibody (1:5000; List Biological Laboratories) followed by a second probe with biotinylated rabbit anti-goat IgG (Vector labs). Sections were then sequentially incubated withavidin-biotinylatedhorse-radishperoxidaseand3,3Ј-diaminobenzidine tetrahydrochloride (DAB) to visualize the axons. Silver-gold reaction was used to intensify axon staining. To measure axon density, Stereoinvestigator (MicroBrightField) software was used to outline the injured glial scar region, 800 m rostral and 800 m caudal to the injury epicenter for each of the four sections in every spinal cord. The software then created a grid format within the outlined glial scar, rostral and caudal regions to sequentially and randomly sample multiple areas within each region. Axons found within each region were marked by an observer. The software then measured the total axonal length of all the marked axons to provide values of total axonal length in each outlined region (glial scar, rostral and caudal) of the spinal cord. Data were then exported to Microsoft Excel and the total regional axonal length was divided by the regional tissue volume to calculate axonal density/spinal cord region (m/m 3 ). Data were normalized against axonal density of the caudal region of every spinal cord and plotted as a percentage of axon density in caudal region (Tan et al., 2006 (Tan et al., , 2007 .
Statistics
For behavior and axon tracing experiments, all surgeries and measurements were performed with observers blinded to the genotype/treatment of the mice. To compare the two genotypes within each treatment or time point, t test was used. Tests used for multiple group comparisons are presented in the figure legends. Significant multiple group comparisons were followed by post hoc Holm-Sidak test in all cases. A minimum ␣-value of 0.05 was accepted as statistically significant throughout. Data are presented as mean Ϯ SEM.
Results
Severity and variability of contusion injury model
To evaluate the severity and variability of the contusion injury model, we compared the survival of sham and contusion-injured mice across genotypes and treatments in each experiment (Table  1) . A total of 213 mice underwent sham or contusion injury with a 15% mortality rate [15 WT and 17 mice lacking tPA (tPA KO)]. The highest mortality was seen in the behavioral experiments (7 WT and 10 tPA KO died). To assess for any additional differences in contusion injury between the genotypes, we also measured the body weight throughout the behavioral experiment ( Fig. 1) . No significant weight differences were measured between the WT and tPA KO contusion-injured mice compared with their uninjured weights (Fig. 1a,b) . Similarly no significant weight differences due to treatment ( Fig. 1c,d ; treatment indicated by dashed line) or genotype and treatment on the last day of the experiment ( Fig. 1e) were noted. Therefore, although our contusion injury model shows a moderate injury severity in general, the variability in severity of the injury between genotypes or treatments in the experiments was not statistically significant.
Upregulation of tPA and uPA activity after contusion injury
We previously reported an interaction between ChABC, the tPA/ plasmin cascade, and the CSPG molecule NG2 using biochemical techniques, and ex vivo techniques after SCI (Nolin et al., 2008) . Here we explored the interactions between PA/plasmin and CSPGs in the in vivo setting of SCI. Sham and injured spinal cords from WT and tPA KO mice were isolated at 4 h, and at 3, 7, and 14 d after contusion injury, and tissue was isolated 2 mm rostrally and caudally from injury center. The tissue was homogenized and used to measure serine protease activity. Serine protease activity was significantly upregulated within 4 h of SCI in WT mice and remained elevated for at least 14 d (Fig. 2a) . Increases in serine protease activity were also seen in SCI tPA KO mice, although the levels of activity were much lower in both the sham and experimental groups. The urokinase blocker (Vassalli and Belin, 1987) , amiloride, was used to efficiently inhibit uPA (Fig. 2b) as a means to specifically measure tPA activity; upregulation of specific tPA activity was then observed in WT SCI mice, but not in tPA KO SCI mice as demonstrated by others (Veeravalli et al., 2009) (Fig.  2b) . Zymography confirmed the presence of tPA (68 kDa) and uPA (33 kDa) activities in WT mice 14 d after contusion injury, but only uPA in tPA KO SCI mice (Fig. 2c) . Thus, both tPA and uPA activities are present and upregulated after SCI, and based on these findings, day 14 after SCI was used for analysis in subsequent experiments.
tPA/plasmin system specifically degrades NG2 and phosphacan after ChABC cleavage in vivo To examine whether ChABC-treated CSPG proteins become substrates for the tPA/plasmin system, we performed contusion injury on WT and tPA KO mice. Then, 14 d after injury, we administered ChABC (50 U/ml) or the control enzyme Pen (50 U/ml) intraspinally. Spinal cords were isolated 2 d later and CSPG deglycosylation by ChABC was assessed in the appropriate treatment groups using antibodies that reveal intact CSPGs or the remainder proteoglycans after GAG chain cleavage (Fig. 3a) . The lesion area was defined using the astrocytic protein GFAP as a marker for the glial scar region (Fig. 3b) . The antibody CS56 (Sigma) recognizes large oligosaccharides of CSPG GAG chains (Ito et al., 2005) and allows for visualization of the intact CSPG proteins. The immunofluorescent images show that CSPG levels are dramatically upregulated after contusion injury in the SCIϩ Pen-treated groups compared with the sham group; ChABC cleavage results in significant decrease in the CS56 ϩ signal in glial scar regions of WT and tPA KO SCI mice (Fig. 3a,c) . These results confirm previous findings that CSPGs upregulated in the glial scar region after contusion injury can be deglycosylated by ChABC (Moon et al., 2001; Bradbury et al., 2002) .
After the GAGs are removed, the site of recognition for C4S is revealed, allowing for visualization of digested 4-sulfated CSPGs Figure 1 . SCI mice retained their weight throughout the experiment. WT and tPA KO mice underwent sham or contusion injury and a single injection of Pen, ChABC, Penϩplasmin, or ChABCϩplasmin on day 14. The weight was measured on the designated days and data were normalized to intact weight of the individual mouse of the respective genotype. Two-way group comparisons are presented in a-d. aandbcomparedifferencesduetogenotypeandtime,whilecanddillustratedifferencesduetotreatmentandtime.e,Weightdifferences due to genotype and treatment were compared on day 21. Biological replicates are indicated in Table 1 under behavioral experiment. All treatments were performed on day 14 post-SCI. The numbers in parentheses in the last column denote the day of death relative to day 0 when contusion injury was performed. IHC, Immunohistochemistry; WB, Western blot; -, no treatment. (Cafferty et al., 2008) . C4S staining in WT SCI-and ChABCtreated mice revealed significantly lower levels of digested CSPG core proteins that localized to the border of the glial scar, while in the tPA KO animals higher core protein expression was observed that localized in the border and the epicenter of the glial scar (Fig.  3b,d ). These results qualitatively suggest that the absence of tPA/ plasmin system may influence the clearance of deglycosylated CSPG core proteins. To determine the specific types of CSPG core proteins affected, we performed immunoblotting using homogenates from WT and tPA KO sham and contusion-injured mice. Protein expression could not be evaluated after the control enzyme Pen treatment using immunoblotting since the presence of GAG chains resulted in a nondistinct protein band. Instead we treated both the sham and contusion-injured groups with ChABC in vitro which resulted in significant degradation of NG2 core protein in the WT group. In the tPA KO sham group no differences were observed whereas the tPA KO contusion-injured group showed significant retention of the NG2 core protein suggesting that tPA participated in the ChABC-mediated clearance of NG2 core protein (Fig. 4a,b ). Qualitative differences in NG2 protein expression were also observed in the glial scar region of WT and tPA KO groups after treatment with the enzyme (Fig. 4d) . We tested the possibility that uPA might also partially compensate for the loss of tPA by assessing in vitro the possibility that uPA can promote the degradation of the NG2 core protein by plasmin after ChABC cleavage of the GAG chains. uPA, however, was unable to use NG2 core protein as a scaffold for plasmin generation and subsequent degradation (Fig. 4h) . Thus, tPA functions as the relevant serine protease in this model injury system: presumably it binds to NG2 core protein and uses it as a scaffold to generate plasmin locally which will then degrade the CSPG core protein, as we have previously shown in biochemical and ex vivo experiments (Nolin et al., 2008) .
We had previously reported an interaction between the tPA/ plasmin system and phosphacan and neurocan proteins after seizure in mice which results in degradation of both CSPGs by plasmin. Therefore, we assessed the fate of these CSPG proteins. No statistical differences were found in the processing of neurocan core protein after ChABC cleavage in WT and tPA KO SCI homogenates using immunoblot analysis, but qualitative differences were observed with immunofluorescence (Fig. 4a,c,e) . In vitro cleavage experiments revealed that pure neurocan core protein could interact with both uPA and tPA (Nolin et al., 2008; Fig. 4i, top) and plasminogen (Fig. 4i, middle) , and be targeted for degradation by plasmin after deglycosylation by ChABC (Fig. 4i, bottom) . Thus, in the tPA KO mice, uPA may compensate by binding to neurocan core protein and targeting it for degradation by plasmin. This result is consistent with our previous reports in the spinal cord (Nolin et al., 2008) and in the brain , where radiolabeled core protein neurocan was processed by tPA/plasmin.
Although we were not able to evaluate phosphacan core protein expression using immunoblotting, immunofluorescent images and semiquantification revealed attenuated clearance of phosphacan protein after ChABC cleavage in tPA KO SCI mice compared with the corresponding WT group (Fig. 4f,g ). Collectively, these results suggest that the tPA-mediated plasmin cascade may also preferentially bind and degrade phosphacan core protein.
It is possible that the removal of GAG chains from the CSPGs in the glial scar makes all other protein substrates present more accessible to proteolytic degradation. To test for this possibility, we subjected SCI protein extracts from wt and tPA KO animals that had been treated with Pen or ChABC to Western blot analysis probing for non-ChABC markers (GFAP and Iba1). Both the levels of GFAP (Fig. 4j ) and Iba1 (data not shown) were comparable following either Pen or ChABC treatment. Moreover, the presence of tPA/plasmin did not affect the GFAP or Iba1 levels.
The tPA/plasmin system contributes to ChABC-mediated neurite outgrowth ChABC cleavage of the GAG chains on CSPGs is known to enhance axon growth after SCI (Moon et al., 2001; Bradbury et al., 2002) . We have previously reported that tPA/plasmin cleavage of NG2, phosphacan and neurocan proteins can mediate neurite outgrowth as well Nolin et al., 2008) . We, therefore, investigated whether the tPA/plasmin-facilitated degradation of CSPG core proteins could also affect CNS neurite outgrowth responses after ChABC cleavage. The presence of tPA activity in WT cortical neuron and its absence in tPA KO neurons was first confirmed. Active tPA was present in WT cell lysates, while the tPA KO neurons had negligible activity (Fig. 5a,b) . Cortical neurons were plated on ex vivo glial scars treated with Pen or ChABC in vitro and neurite outgrowth assessed. To assess first whether the SCI homogenates were susceptible to proteolytic degradation during the treatment of the ex vivo glial scar, we incubated the SCI extracts with or without protease inhibitor cocktail (PIC) (1ϫ; Sigma), and/or ChABC (0.5 U/ml) for 3 h at 37°C and evaluated the integrity of neurocan protein No significant difference in neurocan levels was observed in the presence or absence of PIC (Fig. 5c) . When we studied the neurite outgrowth on this substrate, we observed that cortical neurons grew exten- sive processes on spinal cord homogenates from intact WT and tPA KO mice, equivalent to cortical neurons grown in the absence of any substrate. Neurite outgrowth was significantly reduced on 14 d SCI homogenates from both genotypes treated with Pen in vitro. However, after in vitro ChABC treatment, significant neurite outgrowth was observed on the WT SCI homogenates (p ϭ 0.031), but not on the tPA KO SCI homogenates (p Ͻ 0.001), albeit more on the latter than on the corresponding Pentreated SCI group (p ϭ 0.039) (Fig. 5d) . When plasmin was added in vitro to the tPA KO SCI homogenates with ChABC treatment, neurite outgrowth was restored (p Ͻ 0.001) and comparable to neurons grown on ChABC-treated WT SCI homogenates. In comparison, minimal levels of neurite outgrowth were evident on the Pen-plasmin-cotreated tPA KO SCI homogenate samples (Fig. 5e,f ) . Collectively, these results suggest that the tPA/plasmin pathway is an important contributor to neurite outgrowth after ChABC cleavage of CSPG GAG chains in an ex vivo glial scar environment.
tPA/plasmin system plays a role in ChABC-mediated motor improvements
The differences in CSPG accumulation after ChABC treatments in the tPA KO animals and the effect of the tPA/plasmin system on neurite outgrowth suggested that these cellular differences may translate to changes in behavior between WT and tPA KO mice after SCI. We used a set of behavioral assays in animals that Spinal cord sections were then triple-stained for GFAP (red) and DAPI (blue, nuclear marker) and various CSPG protein antigens (in green, a) CSPG (Sigma), C4S (Millipore Bioscience Research Reagents). Scale bar, 100 m. c, d, ImageJ software (NIH) was used to calculate mean intensity/area for each group and protein staining around the injury border (identified by GFAP dead and reactive regions). t test was used to compare within each treatment and one-way ANOVA to compare within genotype (n ϭ 3-4). Significant ANOVA values were followed by post hoc Holm-Sidak. Brackets with asterisks indicate significance due to t test or post hoc analyses with a minimum of p Ͻ 0.05.
Figure 4.
In the absence of tPA/plasmin system, NG2 and phosphacan core protein clearance is attenuated after ChABC cleavage in vivo. a, Representative immunoblots of NG2 and neurocan protein expressions in WT and tPA KO sham and 14 d SCI homogenates incubated with ChABC for3hat37°C and probed with rabbit anti-NG2 and mouse anti-Neurocan antibodies. Protein expression could not be evaluated after Pen treatment in vitro using Western blotting since the presence of GAG chains resulted in a nondistinct protein band, data not shown. ␣-Tubulin was used as a loading control. b, c, Protein bands were quantified by densitometry in ImageJ and data normalized against ␣-tubulin loading control and total protein levels. One-way ANOVA was (Figure legend continues.) had been subjected to SCI and were then treated with ChABC (or Pen) in vivo using the time course depicted in Figure 6 . The accelerating rotor rod assay was used to measure motor balance in WT and tPA KO SCI mice. Differences due to genotype and time were first compared. Intact WT and tPA KO mice showed no differences in motor balance (Fig. 6a) . In contrast, higher motor recovery was observed in tPA KO SCIϩPen-treated mice at all time points after injury compared with the corresponding WT mice (Fig. 6b) . This effect may possibly be due to the negative effect of tPA on the myelination process in WT SCI mice, as has been shown by other groups (Abe et al., 2003; Veeravalli et al., 2009 ). In the ChABC-treated SCI mice, no initial differences due to genotype were measured. However, WT SCI mice exhibited greater motor balance at post-ChABC injection time points compared with preinjection time points (p ϭ 0.003 for day 18 vs day 7; p ϭ 0.004 for day 18 vs day 10; and p ϭ 0.004 for day 21 vs day 7). tPA KO SCI-and ChABC-treated mice also showed improvements in motor balance at postinjection time point but not significantly different from preinjection time points (Fig. 6c) . Differences due to treatment and time were then analyzed in two-way group comparisons holding genotype constant. WT SCI-and ChABC-treated mice showed significantly higher motor recovery at all postinjection time points compared with the same mice at preinjection time points and WT SCI-and Pen-treated group at postinjection time points (p Ͻ 0.05) (Fig. 6d) . tPA KO SCI mice, however, did not show any differences due to ChABC treatment or time (Fig. 6e) . Holding time constant, differences due to genotype and treatment were compared on day 21 after injury. Since genetic differences were found after SCI in the vehicle enzymetreated group compared with their genotypic equivalent WT controls, data were normalized to the Pen-treated groups. WT SCI and ChABC-treated mice showed higher motor balance compared with their genotypic equivalent Pen-treated group (p Ͻ 0.001) and tPA KO SCI and ChABC-treated mice (p Ͻ 0.05) (Fig. 6f) . These data suggest that ChABC treatment can lead to enhanced motor balance after SCI, and this motor balance improvement is not achieved in the absence of tPA/plasmin system. Supported motor activity in an open field cage was also manually measured in all groups. WT and tPA KO intact mice exhibited similar levels of high motor activity at all time points (Fig.  7a) . All of the SCI groups demonstrated considerably lower levels of motor activity, confirming the effectiveness of the experimental SCI model (please note scale of y-axis, Fig. 7a-e) . Two-way group comparisons between genotype and time were first analyzed. SCI and Pen-treated mice showed minimal motor recovery at preinjection and postinjection time points (Fig. 7b) . SCI-and ChABC-treated groups exhibited improvement over time; at day 21 there was the highest recovery compared with days 7 and 10 (p ϭ 0.009 and p ϭ 0.010 respectively) (Fig. 7c) . Although no statistically significant differences due to treatment were measured, consistent trends were observed in-group comparisons for treatment and time (Fig. 7d) . ChABC-treated injured mice showed levels of motor activity similar to the Pen-treated group at preinjection time points (day 10: 1.5 Ϯ 0.42 vs 1.75 Ϯ 0.68 counts), but much higher levels of motor activity at postinjection time points. On day 21, WT SCIϩChABC mice showed much better motor improvement than the Pen-treated group (10.0 Ϯ 3.65 vs 2.25 Ϯ 0.41 counts). In some experiments a single high dose of plasmin was coadministered with Pen or ChABC to WT SCI mice only to determine whether ChABC-mediated motor recovery could be augmented and to evaluate the therapeutic potential of the tPA/plasmin mechanism. Data indicate that, if compared with the same animals at earlier time points and to the ChABC-treated group at the same time point, the ChABCplasmin-cotreated mice show a modest improvement in motor recovery on day 21. Since day 21 appears to be the critical time point when all groups showed some level of motor recovery, behaviors were also compared across all genotypes and treatments on day 21. When compared across treatments WT SCI mice showed evidence of motor recovery with the ChABC group displaying higher level of motor recovery compared with Penand Pen-plasmin-cotreated groups (444.4 vs 100.0 vs 222.2), but lower than ChABC-plasmin-cotreated groups (551.1 counts, Fig.  7f ). In contrast, the tPA KO ChABC mice displayed lower motor recovery response (255.0). Overall, the supported motor activity data suggest that the tPA/plasmin pathway may play a role in ChABC-promoted motor recovery after SCI. tPA/plasmin system plays a role in ChABC-mediated sensory axonal plasticity Axon density was also quantified across all groups on day 22 after treatment at the glial scar region, and 800 m rostral and caudal to the injury. Data were then normalized to the axon density in the caudal region, as previously described (Tan et al., 2006 (Tan et al., , 2007 . No significant differences were found between the sensory axons of intact WT and tPA KO mice across all three regions. WT SCIϩPen-treated mice showed decreased axon density in the glial scar (27%) and rostral (26%) regions compared with the caudal region respectively. Treatments with Penϩplasmin, ChABC (p ϭ 0.002) and ChABCϩplasmin (p Ͻ 0.001) resulted in increases in axonal density in the glial scar region compared with the SCI mice treated with Pen alone (Fig. 8) . However, in the rostral region, only the ChABCϩplasmin-treated WT SCI mice (p Ͻ 0.001) demonstrated significantly higher axon density compared with the Pen-treated WT SCI mice. These data suggest that deglycosylation of CSPGs by ChABC primarily affects axonal regrowth in the local glial scar environment with only minor effects in the nearby rostral region. Plasmin, generated by tPA's action on plasminogen, can similarly cleave CSPGs within the glial scar region regardless of their glycosylation status, but appears to be only minimally effective in the rostral region. However, the cotreatments of ChABC and plasmin can augment the axonal den-4 (Figure legend continued. ) used to compare all groups. Significant ANOVA was followed by post hoc Holm-Sidak test. Significant post hoc differences at # p Ͻ 0.001 (n ϭ 3). d-f, 14 d sham or contusion-injured WT and tPA KO mice received Pen or ChABC injection (50 U/ml ϫ 1 l). Two days later, spinal cords were isolated and perfused with PFA, and 18 m sagittal sections were prepared. Spinal cord sections were then triple-stained for GFAP (red) and DAPI (blue, nuclear marker), and various CSPG protein antigens in green: NG2 (Millipore Bioscience Research Reagents) (b), phosphacan (3F8; DSHB) (d), and neurocan (1F6; DSHB) (f), and images were captured with a Zeiss confocal microscope using LSM 510 Meta Software. Dashed line indicates border of injury region. Images are representative of 3-4 biological replicates per group. Scale bar, 100 m. g, ImageJ software (NIH) was used to calculate mean intensity/area for each group around the injury border (identified by GFAP dead and reactive regions). A t test was used to compare within each treatment and one-way ANOVA to compare within genotype (n ϭ 3-4). Significant ANOVA values were followed by post hoc Holm-Sidak test. Brackets with asterisks indicate significance due to t test or post hoc analyses with a minimum of p Ͻ 0.05. h, Western blot of NG2 protein (gift from Dr. Joel Levine) incubated with ChABC and treated with recombinant plasminogen and different concentrations of uPA or tPA for 3 h at 37°C, followed by incubation with rabbit anti-NG2 antibody. ChABC cleaved NG2 protein can be seen at 250 and 148 kDa (arrowheads). i, Western blot of pure CSPG protein (CC117; Millipore Bioscience Research Reagents) incubated without (top blot) or with ChABC (bottom blot), pure plasminogen, uPA, or tPA at 500 U/g and probed for neurocan protein (1F6, DSHB). Plasminogen protein levels (anti-mouse plasminogen 1:1000, Millipore) were also assessed (middle blot). j, Western blot of sham or SCI protein extracts from WT and tPA KO animals treated with Pen or ChABC. The blots were probed with GFAP (Abcam), Iba1 (data not shown), and ␣-tubulin. sity in both the glial scar and rostral regions of the spinal cord suggesting that the two enzymes may be acting synergistically to enhance axonal outgrowth both within and beyond the glial scar region.
In contrast, the axonal density within the glial scar region of tPA KO SCIϩPen-treated mice was at 60% axon density of that in the caudal region, potentially due to a lesser degree of axonal retraction and dieback (Kerschensteiner et al., 2005) . Treatment with Penϩplasmin or ChABC, however, did not significantly improve the axonal density. Cotreatment with ChABCϩplasmin resulted in partial recovery of axonal density to 20% over the Pen-treated group. In the rostral region, the axonal density in tPA KO SCIϩPen-treated mice was only 20% of that of the caudal region and the addition of ChABC does not improve this response. The addition of plasmin, however, significantly enhanced axonal density to 59% and was not different from the axonal density changes observed with ChABCϩplasmin-cotreated mice (p Ͻ 0.001). . tPA/plasmin system allows for enhanced neurite outgrowth after ChABC cleavage of CSPGs in ex vivo glial scar. a, b, tPA activity was visualized in media and cell lysates from embryonic day 15 WT and tPA KO cortical neurons using zymography (a), and measured using quantitative amidolytic assay (b). Pure recombinant tPA was used as positive control and can be seen at 68 kDa in a. Significantly higher levels of tPA activity were measured in WT cortical neuron cell lysates compared with all other groups (n ϭ 3). One-way ANOVA was used to compare all groups. Significant ANOVA was followed by post hoc Holm-Sidak test. Significant post hoc differences at # p Ͻ 0.001. c, Western blot of 14 d SCI extracts from WT and tPA KO mice incubated with protease inhibitor cocktail (PIC) (1ϫ; Sigma), and/or ChABC (0.5 U/ml) for 3 h at 37°C and probed for Neurocan protein and ␣-tubulin. d, Spinal cord homogenates from sham or 14 d contusion-injured mice were treated with Pen or ChABC (0.5 U/ml) in vitro for 3 h at 37°C. Embryonic day 15 WT and tPA KO cortical neurons were then plated on spinal cord homogenates of the same genotype. Two days later, cultures were fixed with PFA and stained for intact CSPG (red; CS56; Sigma), and ␤-tubulin III (green; Tuj1; Covance) Scale bar, 100 m. Higher-magnification images of a neuron in each group (indicated by an arrow in ␤-tubulin III staining) are provided in the lower left box of each image panel. Scale bar, 20 m. e, Embryonic day 15 tPA KO cortical neurons were grown on 14 d contusion-injured tPA KO SCI homogenates previously cotreated with Pen and plasmin or ChABC and plasmin for 3 h at 37°C. Two days later, cultures were fixed with PFA and stained for intact CSPG (red), and ␤-tubulin III (green). Scale bar, 100 m. Higher-magnification image of a neuron in each group (indicated by an arrow in ␤-tubulin III staining) is provided in the lower left box of each image panel. tPA KO cortical neurons grown on tPA KO SCI homogenates cotreated with ChABC and plasmin in vitro showed significantly higher neurite outgrowth compared with neurons grown on tPA KO SCI homogenates cotreated with Pen and plasmin. Scale bar, 20 m. Images are representative of 3 biological replicates per group. f, NeuriteTracer plug-in in ImageJ was used to quantify 400 -600 neurons per biological replicate. Data were calculated as neurite length/neuron, normalized and plotted as a percentage of the cortical neuron only group of the same genotype (n ϭ 3). One-way ANOVA was used for comparisons. Significant ANOVA was followed by post hoc Holm-Sidak test. Brackets with asterisk indicate significant post hoc differences. Compared with neurite outgrowth on SCI homogenates from WT and tPA KO mice treated with Pen in vitro, p ϭ 0.031 and p ϭ 0.039 for neurite outgrowth on the same SCI homogenate samples from WT and tPA KO mice treated with ChABC in vitro. When compared within ChABC-treated group, cortical neurons on WT SCI homogenates grew more processes than cortical neurons on tPA KO SCI homogenates (p Ͻ 0.001). Furthermore, tPA KO cortical neurons grown on tPA KO SCI homogenates treated with ChABC and plasmin (0.06 U/ml) in vitro show significantly higher neurite outgrowth when compared with neurons on tPA KO SCI homogenates treated with ChABC (p Ͻ 0.001) or Pen Plasmin in vitro (p ϭ 0.002).
Discussion
A survival analysis of all our SCI mice revealed a moderate injury severity with no significant variability between genotypes or treatments. As a result, any differences between groups were due to the specific effect of genotype or treatment on injury rather than any technical differences between groups. Although the mechanism or robustness of the deglycosylation activity of ChABC is not established, we were able to quantify a significant effect of the enzyme on CSPG proteins, which resulted in promoting neurite outgrowth on glial scar homogenates, improving motor activity and enhancing sprouting of sensory axons in the glial scar regions after contusion injury and enzyme treatment. We, therefore, were able to reproduce improvements in recovery promoted by ChABC in the glial scar region as demonstrated by other groups (Bradbury et al., 2002; Caggiano et al., 2005; Barritt et al., 2006; Cafferty et al., 2008) .
Our early studies led to the hypothesis that GAG chain removal by ChABC not only removes an inhibitory component of CSPG molecules but also facilitates tPA/plasminogen binding to the inhibitory core protein of CSPG molecules (Nolin et al., 2008) . These core proteins then act as a scaffold for the localized formation of more plasmin which, in turn, can target and degrade the inhibitory core proteins and allow for anatomical and behavioral improvements. Our results now propose that the tPA/plasmin pathway may specifically bind after ChABC cleavage of GAG chains and degrade structurally unique CSPG core proteins, NG2 and phosphacan, and nonspecifically bind to the larger and structurally homologous family of lecticans of which neurocan is a member. Clearance of these inhibitory core CSPG proteins by the tPA/plasmin system may partially contribute to enhanced neurite outgrowth.
The function of NG2, specifically, in neurite outgrowth has been discussed by various groups, either indicating an inhibitory core and holoprotein (Dou and Levine, 1994; Ughrin et al., 2003) , or suggesting that NG2 does not inhibit neurite outgrowth (Hossain-Ibrahim et al., 2007; Busch et al., 2010) . It is conceivable that the difference lies in the form of NG2 evaluated (cellassociated vs deposited). However, our data suggest that it is the extracellular deposition of multiple CSPGs that contribute to the inhibitory environment.
Our results also demonstrate that ChABC facilitated improvements in neurite sprouting in the glial scar region and motor recovery can be attenuated in the absence of the tPA/plasmin system. Similarly, treatment with plasmin, the end-protease of the tPA/plasmin cascade can allow for some improvements in motor recovery and neurite outgrowth in the glial scar region. . ChABC promoted motor balance is attenuated in the absence of tPA/plasmin system. WT and tPA KO mice underwent sham or contusion injury followed by a single intraspinal injection of ChABC (50 U/ml) or Pen on day 14. An accelerating rotor rod was used to measure mice's motor balance on designated days and the maximum speed the mice remained on the machine was recorded. Two-way group comparisons are presented in graphs a-e with graphs a-c comparing differences due to genotype and time, while graphs d and e illustrate differences due to treatment and time. Two-way repeated-measures ANOVA was used for multiple group comparisons. Significant ANOVA was followed by post hoc Holm-Sidak test. Brackets in c indicate significantly higher recovery in WT SCIϩChABC mice on day 18 compared with day 7 (p ϭ 0.003) and day 10 (p ϭ 0.004), and significantly higher recovery on day 21 compared with day 7 (p ϭ 0.004). Asterisks in d indicate significantly higher recovery in WT SCIϩChABC mice compared with WT SCIϩPen group on day 18 (p Ͻ 0.001) and day 21 (p ϭ 0.001). f, Motor coordination differences due to genotype and treatment were compared on day 21 (n ϭ 3). A t test was used to compare between treatments and genotypes. Brackets with asterisks indicated significant difference between WT SCIϩChABC and WT SCIϩPen groups (p Ͻ 0.001) and WT SCIϩChABC and tPA KO SCIϩChABC groups (p ϭ 0.02).
Figure 7.
ChABC promoted supported motor recovery is only mildly affected in the absence of tPA/plasmin system. WT and tPA KO mice underwent sham and contusion injury followed by a single Pen, or ChABC injection on day 14. WT SCI mice also received cotreatments of Penϩplasmin or ChABCϩplasmin. Mice were placed in an open field cage and supported motor activity in a 20 min observation period was manually recorded on designated days. Two-way group comparisons are presented with graphs a-c comparing differences due to genotype and time, while graphs d and e illustrate differences due to treatment and time. f, Supported motor activity differences due to genotype and treatment were compared on day 21. Unfortunately, due to the large intragroup variability, the study remains underpowered.
However, the cotreatment of ChABC and plasmin in both WT and tPA KO SCI mice in the glial scar region resulted in improvements that exceeded each individual treatment alone and extended outgrowth into the neighboring rostral region of the spinal cord. Interestingly, treatment with plasmin in the tPA KO SCI mice resulted in minimal neurite outgrowth and ChABCϩplasmin cotreatments in the tPA KO SCI mice also allowed for only a partial rescue response. This result suggests that although plasmin is the end product of the tPA/plasmin cascade, it may still require tPA to affect synaptic plasticity in the glial scar region. Indeed in a model where tPA KO or plasmin(ogen) KO neurons were cultured on CNS myelin membranes, the absence of plasmin(ogen) minimally affected neurite outgrowth, whereas the deficiency of tPA was critical for outgrowth , suggesting the presence of additional nonproteolytic function for tPA. Therefore, although ChABC and tPA/plasmin system can allow for improvements in functional motor recovery independently, we propose that the collective clearance of inhibitory GAG chains and inhibitory core proteins by ChABC and tPA/plasmin system create a synergistic relationship that contributes to a more permissive environment resulting in enhanced synaptic plasticity and motor recovery than each treatment alone. ChABC and plasmin cotreatments significantly enhance synaptic plasticity of sensory axons in the glial scar regions. WT and tPA KO mice underwent sham or contusion injury and a single injection of Pen, ChABC, Penϩplasmin or ChABCϩplasmin injection on day 14. On day 22, 1.5% CTB was injected into the mice's sciatic nerve and spinal cord isolated 4 d later. Sagittal spinal cord sections (20 m) were then stained with CTB-HRP followed by DAB and silver-gold intensification reaction. Images were captured on Nikon E600 microscope with Nis-Elements software and oriented with dorsal side up and rostral end on the left. a, Injured region in each spinal cord section is indicated by dashed lines at low magnification and a representative axon in each injury region boxed and shown in a higher-magnification image on the bottom right of each image panel. Arrowhead in tPA KO SCIϩPen Plasmin image panel points to remnants of a suture. Scale bar, 500 m in low-magnification panel and 50 m in high-magnification panel. b, Stereoinvestigator software was used to quantify axon density in the glial scar region (0 m), rostral (Ϫ800 m) and caudal regions (800 m) in each spinal cord and data normalized and plotted as a percentage of axon density in the caudal region of each spinal cord (n ϭ 3-4). One-way ANOVA was used for comparisons within each region and genotype. Significant ANOVA was followed by post hoc Holm-Sidak test. Brackets with asterisk indicate significant post hoc differences. Compared with WT intact mice, WT SCIϩPen and WT SCIϩ Pen plasmin mice show significantly less axon density (p Ͻ 0.001 and p ϭ 0.002 respectively) in the glial scar region. WT SCI and ChABC and ChABCϩplasmin mice show significantly higher axon density (p ϭ 0.002 and p Ͻ 0.001) compared with WT SCIϩPen mice in the glial scar region. In the rostral region, WT SCIϩPen-, Penϩplasmin-, and ChABC-treated mice showed significantly lower axon density (p Ͻ 0.001) compared with WT intact mice. ChABCϩplasmin-cotreated mice showed significantly higher axon density compared with pen alone-treated mice (p Ͻ 0.001). In the tPA KO SCI mice, Pen alone, Penϩplasmin, and ChABC treatments resulted in significantly lower axon density (p ϭ 0.012, p ϭ 0.001, p ϭ 0.002 respectively) compared with tPA KO intact mice in the glial scar region. In contrast, in the rostral region, all treatment groups had significantly lower axon density compared with intact tPA KO mice (p Ͻ 0.001). Both Penϩplasmin and ChABCϩplasmin-treated mice showed significantly higher axon density compared with Pen alone (p Ͻ 0.001) and ChABC alone treatments (p Ͻ 0.001).
Our results also consistently showed that tPA KO SCI-and vehicle enzyme-treated mice showed greater synaptic plasticity through motor and sensory recovery in the glial scar region than the corresponding WT SCI mice. Two groups have also reported similar results attributing the recovery to an interaction between tPA/microglia and myelin basic protein which produces greater demyelination (Abe et al., 2003; Veeravalli et al., 2009 ) and does not involve tPA's proteolytic activity.
Our data also suggest a role for the uPA/plasmin system in SCI relevant to ChABC-promoted synaptic plasticity. uPA is not normally found in the (Tsirka et al., 1997) but after SCI, the blood brain barrier breakdown allows more uPA to relocate into the spinal cord. As a result, in WT intact mice spinal cord homogenates uPA activity was lower than tPA activity. In contrast, after injury, similar levels of tPA and uPA activity were measured in WT contusion-injured mice, and uPA activity was found to be significantly upregulated after 14 d injury in tPA KO SCI homogenates. The uPA/plasmin system also interacted with pure neurocan after ChABC cleavage of GAG chains in vitro and allowed for clearance of the core protein suggesting a potential role for uPA in binding and degrading the structurally homologous lectican family of CSPG. Based on these findings, it would be worth investigating whether part of the residual motor recovery and synaptic plasticity observed in ChABC-treated tPA KO SCI mice can be attributed to uPA/plasmin compensatory degradation. Therefore, similar to the tissue remodeling seen in the crossed phrenic phenomenon of respiratory function following SCI (Minor and Seeds, 2008; Seeds et al., 2009) , it would be interesting to determine whether both plasminogen activators play a role in clearance of CSPG core proteins after SCI and additionally assess plasminogen-independent roles for the plasminogen activators .
Following contusion injury, the biochemical characterization revealed an upregulation of overall serine protease activity. Since we and others (Veeravalli et al., 2009 ) have shown that plasminogen activators are chronically elevated, the presence and upregulation of other serine protease activities at acute and subacute time points after SCI require further studies. One such early study reported an increase in neurotoxic prothrombin and its receptor protease-activated receptor gene family (PAR-1) beginning as early as 8 h and reaching a maximal level at 24 h in a rat contusion injury model (Citron et al., 2000) . Furthermore, using gene array analyses of SCI tissue, they found that several serine proteases were activated by SCI underscoring the need for further characterization of serine protease activities at acute time points after injury.
The data obtained from the sensory axon density measurements suggest that tPA may function within the SCI environment both in a proteolysis-independent role affecting demyelination, and in a proteolysis-dependent role resulting in the clearance of CSPG core protein. Cotreatment with ChABC and plasmin can partially rescue the tPA-dependent axonal density further demonstrating that the tPA/plasmin cascade is functioning downstream of ChABC in the local glial scar environment. Interestingly although plasmin is the end-protease in the tPA/plasmin system, it seems that it still requires the presence of tPA in the glial scar region to allow for improvements in synaptic plasticity, as the absence of tPA mitigates both the plasmin alone-mediated axonal density and ChABCϩplasmin-cotreated axonal density in tPA KO SCI mice.
Although the absence of tPA did not result in dramatic changes in the behavioral results (potentially due to compensation by other proteases), the introduction of plasmin appeared to enhance the outcomes both in behavioral tests and in the anatomical assessment. In our study we have used one paradigm of plasmin delivery and it would be critical to evaluate different modes of delivery, timing and doses.
It is not clear whether the functions of tPA are dependent on the distance from the glial scar. It is possible then that while ChABC contributes to synaptic plasticity in the glial scar region, tPA affects synaptic plasticity both through proteolysis-dependent and -independent roles in the lesion area. This would be consistent with a nonproteolytic role of tPA associated with activated microglia (Siao and Tsirka, 2002) which would localize mostly in the lesion epicenter. Collectively, our results suggest that ChABC degradation of the GAG chains not only removes an inhibitory component of CSPG molecules but may also facilitate tPA/plasmin(ogen)'s interaction with the inhibitory core proteins in vivo. The close proximity of tPA and plasminogen proteins allows for formation of more plasmin which in turn may enhance clearance of the inhibitory core CSPG proteins. Although ChABC cleavage of GAG chains and plasmin degradation of core proteins can independently contribute to synaptic plasticity, our results also demonstrate that the synergistic interaction of both on CSPG proteins in vivo may allow for greater improvements in synaptic plasticity and motor recovery than either treatment alone.
